The influence of electron beam irradiation on photocatalytic activity of TiO2 thin films was investigated. TiO2 thin films were prepared by anodization of Ti foil, and they were then subjected to an 1 MeV electron beam. Changes in physical properties and photocatalytic activity of TiO2 before and after e-beam irradiation were investigated. The crystallinity of the synthesized materials was investigated by X-ray diffraction, and the oxidation states of both titanium and oxygen were determined by X-ray photoelectron spectroscopy (XPS). The density of donor (Nd) and flat band potential (Efb) were investigated by Mott-Schottky analysis, and photocurrent was measured under a 1kW Xenon lamp illumination. After e-beam irradiation, significant change of Ti oxidation state was observed. Ti
Introduction
Photocatalytic reactions are considered as one of the most promising routes for solar energy conversion.
1 Among the photocatalytic materials, TiO 2 has been known as the most effective photocatalyst, and has been widely applied in the decomposition of VOC's and energy conversion.
2,3 However, poor photon absorption of TiO 2 (due to a wide band gap of 3.2 eV) limits its applications in solar energy conversion. 4 To improve photocatalytic activity of TiO 2 , several modification approaches have been proposed, including doping metal on the surface of TiO 2 , synthesis of nanostructured TiO 2 , and synthesis of mixed metal oxides. It has been well known that surface composition and structure of TiO 2 greatly influence on photocatalytic activities. [5] [6] [7] [8] In recent years, impurity doping has been widely performed by chemical and physical methods in order to enhance photocatalytic activity under visible light irradiation. It has been also reported that ion implantation of transition metals such as V, Cr, Co, Mn, Fe and Ni, makes the absorption edge shift to the visible region, resulting in enhanced photocatalytic activity of TiO 2 in the visible region.
9 Synthesis of mixed metal oxides has been tried to change the band structure and increase surface area.
10,11
Electron beam (e-beam) irradiation was known as an effective method to improve the stability and performance of electrodes by varying the chemical and physical properties of materials. It has been reported that surface morphology, oxidation state, optical properties, and electrochemical properties can be modified by e-beam irradiation.
12,13
In this study, the influence of e-beam irradiation on the photocatalytic properties of TiO 2 was investigated. An anodizing method was employed to fabricate TiO 2 thin films, because it is very simple and the reproducibility is very good. e-Beam was then irradiated on the surface of anodized TiO 2 thin films. The photocatalytic properties of ebeam irradiated TiO 2 thin films were investigated by photocurrent measurement in a photoelectrochemical cell, and changes of physical and chemical properties before and after e-beam irradiation were also examined.
Experimental
Preparation TiO 2 /Ti Electrodes. Titanium foils (Aldrich, 15 × 15 × 0.127 mm, 99.7%) were cleaned in CHCl 3 , and then etched for 30s in a dilute Kroll's acid (4% w/w HF, 30%w/w HCl). After etching Ti foil, it was rinsed in distilled water and acetone. The titanium foils were then subjected to anodic oxidation with constant current (125 mA/cm 2 , Find Power DC power supply H-220D) in 1 M H 2 SO 4 using Pt plate as a counter electrode.
14
The TiO 2 /Ti foil samples were irradiated by an e-beam of the constant energy of 1 MeV (ELV4 type electron accelerator). The e-beam irradiation was carried out with various doses (0.5 to 2 MGy) under ambient atmosphere at room temperature.
Characterization of e-beam Treated TiO 2 . Crystallinity of synthesized samples was examined by X-Ray diffraction analysis (XRD, Rigaku MAX 2200V). The surface characterization was studied by Atomic force microscopy (AFM, NS4A) and X-ray photoelectron spectroscopy (XPS, Thermo K-Alpha). All the photoelectrochemical measurements were carried out in a 0.1 M NaOH solution at room temperature in a conventional three-electrode cell. In a photoelectrochemical cell, 1 cm 2 of anodized TiO 2 , sealed with Teflon was exposed to electrolyte. A platinum plate and Ag/AgCl were used as a counter electrode and reference electrode, respectively.
In order to investigate the density of donor (N d ) and flat band potential (E fb ), Mott-Schottky analysis was carried out in the voltage range between −1.1 V and 1 V vs. Ag/AgCl.
Both unbiased photocurrent and I-V behavior were measured under an 1 kW Xenon lamp illumination using an automatic shutter. Photocurrent was determined from the difference between illumination current and dark current.
Results and Discussion
Characterization of e-beam Irradiated-TiO 2 . Figure 1 shows XRD pattern of untreated and e-beam treated TiO 2 thin films. The peaks obtained at 2θ = 25.5, 35 are due to the reflections from anatage phase. After e-beam irradiation, no significant changes in intensity and peak position was observed, which means crystallinity change does not arise by e-beam irradiation. AFM images of TiO 2 are shown in Figure 2 , and changes in morphology for changing of the e-beam dose were not observed. It can be concluded from the above results that morphology and structure of TiO 2 surface are not affected by e-beam irradiation.
For the surface characterization of e-beam irradiated TiO 2 samples, the XPS analysis was utilized. As example, Figure  3 shows XPS spectra of untreated TiO 2 thin films. The Ti2p spectra (Figure 3(a) Figure 3(b) . The peak at around 530.14 and 531.68 eV could be assigned as lattice oxygen in TiO 2 and Ti 2 O 3 , respectively, while the peak at 532.48 eV is ascribed to water adsorbed on the surface. Because e-beam irradiation affects only the surface of TiO 2 , the change from Ti 4+ to Ti 3+ was not detected by XRD analysis. However, the reduction was clearly observed by XPS analysis.
The quantitative analysis of Ti 4+ and Ti 3+ surface concentrations with respect to dose is presented in Figure 4 , which was calculated from XPS peak areas. Both Ti2p 1/2 and Ti2p 3/2 peaks exhibited a significant change with e-beam irradiation. In general, Ti 4+ concentrations decreased with ebeam irradiation, while Ti 3+ concentrations increased. The amount of Ti 3+ on TiO 2 surface plays an important role as reported in TiO 2 doped with metal atoms. The photogenerated electrons can be trapped in Ti
3+
, preventing recombination of majority and minority carriers.
15,16
Mott-Schottky Analysis. Donor density and flatband potential at semiconductor/electrolyte junction were obtained from the Mott-Schottky plot (1/Cs 2 vs. electrode potential).
17,18
Mott-Schottky curves without illumination are shown in Figure 5 . All samples exhibited positive slopes in the tested region, indicating n-type characteristic of semiconducting thin films. Calculated E fb (flat band potential) and N d (donor density) from Mott-Schottky curves are given in Table 1 , but 1.27 × 10 20 cm −3 was achieved when e-beam dose was 2MGy. In the case of flat band potential, −0.5785 V and −0.6072 V vs. Ag/AgCl was achieved for untreated TiO 2 and 2MGy irradiated TiO 2 , respectively. Flatband potential is an important factor in deciding the photoresponse of material. In general, flatband potential represents the ability of charge separation in semiconducting materials under illumination, and the lower it is, the higher the performance is in PEC cell.
19 It could be concluded from both XPS results and Mott-Schottky analysis that surface concentration of Ti
+3
increased with e-beam irradiation, resulting in the increase of donor density.
Photocurrent and IV Behavior. In order to examine photocatalytic activity, measurements of unbiased photocurrent and I-V behavior were carried out in a 0.1 M NaOH aqueous solution using photoelectro chemical cell.
The unbiased photocurrents for all samples are shown in Table 1 , and all tested TiO 2 films showed anodic photocurrent (n-type photocurrent). Although unbiased photocurrent was not noticeably increased with low irradiation dose (0.5 kGy), it remarkably increased with increasing e-beam dose.
I-V behavior under illumination was examined in the voltage range from −1.0 V to +1.0 V vs. Ag/AgCl. The photocurrent density for all the samples was calculated by subtracting dark current from current under illumination. Figure  6 shows the photocurrent density versus applied potential and it was found that photocurrent density increased with increasing e-beam dose within all the voltage range tested. The observed value of the photocurrent density for 200MGy irradiated TiO 2 was 6.4 mA/cm 2 at 1 V vs. Ag/AgCl, which is 1.5 times higher than that from untreated-TiO 2 (4.47 mA/ cm 2 ). The increase in photocurrent density by e-beam irradiation may be attributed to the change of electronic properties through the formation of a shallow trap within the TiO 2 matrix. These shallow traps created within the forbidden gap of TiO 2 prevent the recombination of photogenerated electron-hole pair. The surface treatment of TiO 2 using e-beam irradiation leads to an increase of the Ti 3+ concentration and oxygen vacancies on the surface, resulting in the reduction of an electron-hole pair recombination rate, resulting in increasing PEC response. 
Conclusion
Anodized TiO 2 thin films were treated by e-beam irradiation with various doses. Morphology and structure of TiO 2 surface were found not to be affected by e-beam irradiation. The oxidation state of surface Ti was varied from Ti 4+ to Ti
3+
by e-beam irradiation, and the change in oxidation state of Ti was found to be strongly dependent on irradiation time. Significant changes in both flat ban potential and donor density were observed. Donor density increased and flat band potential shifted to lower voltage with e-beam dose, which is resulted from increase in surface concentration of Ti
. Photoelectrochemical properties of TiO 2 were greatly enhanced by e-beam irradiation due to the increase of donor density and decrease of flatband potential.
